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The first detailed map has been produced of a plant
chromosome carrying sex-determining genes. The
new data show that, in papaya, these genes lie in a
quite extensive non-recombining region. This region
is nevertheless a small part of the papaya genome
compared with other male-specific genome regions,
such as mammalian Y chromosomes.
Plant sex chromosomes are particularly interesting
because they evolved much more recently than those
of mammals or Drosophila — most plants with
separate sexes seem to have evolved recently from
ancestors with both sex functions [1,2]. Plant sex chro-
mosomes may thus tell us about the initial stages of
the evolutionary process that has led to the massive
gene loss that has occurred in Y chromosomes. The
sex determination system of papaya (Carica papaya)
has been studied genetically since 1938, when it was
established that an apparently single locus determines
the male, female or hermaphrodite state. As in many
familiar animal systems, including Drosophila and
mammals, female papaya are the homozygous sex,
while males and hermaphrodites are heterozygotes. In
most dioecious plants — those with separate sexes,
rather than hermaphroditism — males are also the het-
erozygous sex [1]. Many animals and most dioecious
plant species, such as Silene latifolia, have a visibly
distinctive X/Y sex chromosome pair. The mammalian
Y is smaller than the X, whereas the S. latifolia Y
chromosome is larger than its X. Many dioecious
plants, however, including papaya and kiwi fruit [3],
have no such chromosome heteromorphism; in these
species, the sex-determining genes seem to map to
small regions of one normal-looking chromosome [3,4].
To understand the papaya sex determining region, a
detailed map has now been made of the papaya chro-
mosome (chromosome LG1) carrying the sex-determin-
ing genes [5]. At present, most of the markers used are
‘anonymous’ DNA sequence variants, not in coding
sequences, and detected by the ‘amplified fragment
length polymorphism’ (AFLP) approach. As expected for
a chromosome carrying the sex-determining genes,
LG1 includes markers that co-segregate perfectly with
sex. The finding of many such markers — 225 out of 342
LG1 markers — shows that the sex-determining genes
are spread over an extensive region that could include
many genes. Physical mapping of the non-recombining
genome region (obtained by sequencing bacterial artifi-
cial chromosome (BAC) clones carrying sequences
corresponding to some of the markers) allowed Liu et al.
[5] to estimate that the region involved in sex determi-
nation in papaya extends over roughly 4.4 Mb, only
about 10% of chromosome LG1 (Figure 1).
Although this is a small part of the chromosome, it
equates to a region of roughly 100–200 genes in average
parts of the papaya genome (based on the the authors’
sampling of BAC clones from other papaya genome
regions). In contrast, much of the mammalian Y chromo-
some pair is male-specific, while about 5% is a ‘pseudo-
autosomal’ region where the X and Y recombine at such
a high rate [6] that mutations and other effects of the
recombination process seem to have driven several
kinds of evolutionary changes [7–9]. In papaya, however,
the two recombining parts of LG1 do so at rates similar
to the genome-wide average. This makes sense if LG1 is
an essentially normal chromosome, with only a small
non-recombining patch in the middle.
Even though the male-specific region of papaya
chromosome LG1 is physically small, a high proportion
of the markers on the chromosome co-segregate with
sex: the 225 co-segregating markers are found in about
4.4 Mb, while the rest of the chromosome, containing
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Figure 1. Papaya sex chromosomes.
(A) Physical and genetic maps of the papaya chromosome that
carries the sex-determining genes (LG1), showing the small
male-specific region in the middle of the genetic map. (B) Com-
parison between the physical sizes of the (small) male-specific
region and the much larger remainder of chromosome LG1, to
show the disproportionately large number of markers in the
male-specific region. 
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the other 117 LG1 markers, is at least 41 Mb. If marker
densities were the same as for the rest of the chromo-
some, only 10% of the markers should be in the male-
specific region, not 66%. This discrepancy implies high
differentiation of this region between the X and Y
homologues. The differentiation could be due to great
X–Y divergence between homologous sequences —
which would suggest that the papaya male-specific
region genes are evolving rapidly, most likely because
they are becoming genetically degenerate — or to
rearrangements in this region. The male-specific region
is enriched with repetitive sequences, compared with
other genome regions, just like other Y chromosomes
[10]. The density of retroelements is 28% higher than
that of other regions of genome studied by sequencing
BACs, and there are almost three times as many
inverted repeat sequences that resemble transposable
elements [5]. These sequences must contribute to the
marker differences from the corresponding region of
the X chromosome, and may even be the major factor.
In papaya, it will now become possible to estimate
divergence by comparing homologous X-linked and Y-
linked sequences. Six of 26 of the LG1 marker
sequences tested were ‘X-like’, being found in both
females and males [5]; this may underestimate diver-
gence, however, because highly diverged sequences
will be difficult to recognise. On the other hand, diver-
gence must be less than the value estimated by assum-
ing that markers in the 4.4 Mb Y-like region are similar
in nature to those in the recombining 90% of LG1. The
relative numbers of markers suggest a roughly 17 times
higher marker density in the Y-like region, which trans-
lates to a sequence divergence between X and Y
sequences of about 10–20%, assuming silent site
nucleotide diversity for X-linked sequences of around
0.5–1%, as in other outcrossing plants (reviewed in [11]). 
An X–Y divergence below 10–20% is much less than
the divergence for mammal sex chromosomes [10,12],
suggesting a recent origin of the papaya sex-determin-
ing system, consistent with separate sexes having
evolved within the Caricaceae. The most likely nearest
relatives, the Moringaceae [13], have hermaphrodite
flowers [13,14], also suggesting evolution of dioecy
within the Caricaceae, whose species are largely,
though not exclusively, dioecious. However, the female
papaya flower evolved through several extraordinary
evolutionary changes [15]; unless female flowers first
evolved in plants that also have hermaphrodite flowers
— that is, via monoecy — this might argue against a
recent origin. 
The new findings in papaya [5] agree nicely with the
theory in which sex chromosome evolution involves
mutations at several loci. Starting with an ancestral
hermaphrodite population, a male-sterility mutation
produces females, and one or more mutations then
suppress female fertility in the hermaphrodites so as to
produce males; males and females cannot evolve from
hermaphrodites in a single step [2]. The theory predicts
that this evolutionary transition probably involved
mutations close together in one genome region, pre-
dicting a cluster of sex-determining genes in a small
region, as in papaya. After males and females evolve,
selection favours closer linkage of the new alleles,
because recombination between them would generate
individuals with both male-sterility and female-sup-
pressing genes. 
Lack of recombination between genes in the segment
that is heterozygous in males then allows processes
leading to degeneration and loss of genes, and accu-
mulation of repetitive sequences, while the homologous
X-like segment, which still recombines in females, is
unaffected [16]. Is the papaya Y-like region genetically
degenerated? The observed accumulation of repetitive
sequences hints at degeneration, but direct evidence is
needed for the papaya Y-specific region. Homozygotes
for this region are lethal, suggesting that some essential
gene is lost, but this could be due to lethal mutations in
a few genes, or even just one, so the extent of gene loss
is unclear. The BAC sequence data suggest reduced
gene density in the papaya male-specific region —
where the sequence density is 62% of the overall
average for the papaya genome [5] — but gene densi-
ties often vary regionally. 
To test conclusively for degeneration will require
identifying parts of the X chromosomal region and com-
paring the homologous male-specific region to see if
genes are lost or inactivated. This should now be pos-
sible in papaya. In S. latifolia, the other well-studied
plant sex chromosome system where the Y has a phys-
ically large non-recombining component [1], most work
has focused on finding functioning Y-linked genes,
though the S. latifolia Y is probably partially degener-
ated [1,17]. So far, one degenerated gene is known from
S. latifolia [18], and studies of the functioning Y-linked
genes have found low polymorphism compared with X-
linked homologues, suggesting the action of degenera-
tion processes [16,19,20]. 
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